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ABSTRACT
We derive the bolometric to X-ray correlation for a local sample of normal and starburst galaxies and
use it, in combination with several UV reddening schemes, to predict the 2–8 keV X-ray luminosity for
a sample of 24 Lyman-break galaxies in the HDF/CDF-N. We find that the mean X-ray luminosity, as
predicted from the Meurer UV reddening relation for starburst galaxies, agrees extremely well with the
Brandt stacking analysis. This provides additional evidence that Lyman-break galaxies can be considered
as scaled-up local starbursts and that the locally derived starburst UV reddening relation may be a
reasonable tool for estimating the UV extinction at high redshift. Our analysis shows that the Lyman-
break sample can not have far-IR to far-UV flux ratios similar to nearby ULIGs, as this would predict a
mean X-ray luminosity 100 times larger than observed, as well as far-IR luminosities large enough to be
detected in the sub-mm. We calculate the UV reddening expected from the Calzetti effective starburst
attenuation curve and the radiative transfer models of Witt & Gordon for low metallicity dust in a
shell geometry with homogeneous or clumpy dust distributions and find that all are consistent with the
observed X-ray emission. Finally, we show that the mean X-ray luminosity of the sample would be under
predicted by a factor of 6 if the the far-UV is unattenuated by dust.
Subject headings: galaxies: high-redshift — galaxies: starburst — ultraviolet: galaxies — X-rays:
galaxies — infrared: galaxies
1. introduction
Lyman-break galaxies (LBGs) represent the sites of a
significant fraction of the star formation in the early uni-
verse (e.g., Adelberger & Steidel 2000) and the ultraviolet
(UV) derived star formation rates (SFRs) of LBGs have
become an important component of the recent attempts to
measure the star formation history of the universe (e.g.,
Madau et al. 1996; Steidel et al. 1999; Lanzetta et al.
2002). Precisely how the UV emission of LBGs are cor-
rected for the effects of intrinsic dust attenuation, which
requires a knowledge about the true nature of these ob-
jects, is critical for estimating star formation rate densities
at z > 2.
Starburst galaxies are the most likely local analogs to
the population of LBGs at high redshift. LBGs have UV
surface brightnesses and UV colors similar to local star-
bursts (Meurer et al. 1997) suggesting that LBGs can be
considered as larger and more luminous versions of the
nearby variety. Further evidence in support of the anal-
ogy comes from the only high quality rest-frame UV spec-
trum of an individual LBG – the gravitationally lensed MS
1512+36-cB58 – which shows emission and absorption fea-
tures remarkably consistent with local starbursts (Pettini
et al. 2000).
Local starburst galaxies exhibit an empirical correla-
tion between their UV spectral slope (β; equivalent to
UV color) and their infrared excess (IRX; ratio of far-IR
to far-UV flux). This relationship implies that starbursts
redden as dust absorption increases and that dust sur-
rounding starburst regions can be modeled to provide an
estimate of the UV extinction as a simple linear function
of the UV color (Meurer et al. 1999; hereafter MHC99).
Although the UV properties of LBGs can be readily mea-
sured from deep optical imaging, obtaining rest-frame far-
IR data for these high redshift galaxies is extraordinar-
ily difficult. Therefore, it is unclear whether or not the
IRX-β reddening relationship is a meaningful tool that
may be used to estimate the UV extinction of high red-
shift galaxies. Until rest-frame far-IR data become avail-
able for a significant sample of LBGs, we must attempt to
probe other accessible wavelength windows that may pro-
vide clues about the thermal dust emission. X-rays can be
just such a proxy.
In this paper, we investigate the suggested starburst na-
ture of LBGs by considering their X-ray emission and the
consequences for UV extinction. To do this, we first use a
local sample of normal and starburst galaxies to demon-
strate a clear correlation between the bolometric and 2–
8 keV X-ray luminosities when the bolometric output is
dominated by far-IR and far-UV emission. We then test
the starburst concept for LBGs by applying the starburst
derived IRX-β relationship to a sample of 24 LBGs in order
to predict their X-ray emission. Specifically, we estimate
the far-IR luminosity using the starburst UV reddening
relationship and then estimate the X-ray luminosity from
the bolometric to X-ray correlation. These results are com-
pared to the recent 1 Ms exposure Chandra Deep Field
North (CDF-N) X-ray constraints of Brandt et al. (2001)
for the same sample.
It is possible that the UV properties of LBGs are only
superficially starburst-like. Perhaps they are the UV-
bright portion of ‘scaled-up’ ultraluminous infrared galax-
ies (ULIGs) and the majority of UV light generated by star
formation is heavily extincted and not detected in rest-UV
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surveys (e.g., Goldader et al. 2002). Certainly the irregu-
lar morphology of LBGs is consistent with the notion that
they are recent mergers or interacting systems. Alterna-
tively, LBGs may be youthful proto-galaxies in the process
of forming the spheroids destined to become the central
bulges of spirals or elliptical galaxies. If so, LBGs could
be relatively free from the effects of dust because they have
not yet been enriched with a significant quantity of heavy
elements. These scenarios represent the extremes of UV
extinction in LBGs and, consequently, extremes of their
estimated star formation rates (SFRs) as well. We test
several alternative hypotheses by adapting our technique
to estimate the X-ray luminosities assuming that LBGs 1)
have far-UV and far-IR properties consistent with those
found by Goldader et al. (2002) for ULIGs, 2) have low
metallicity (SMC-type) dust as modeled by Witt & Gor-
don (2000) or parameterized by the effective attenuation
curve for starbursts (Calzetti et al. 2000) or 3) have stellar
populations unattenuated by dust.
2. the lyman-break sample
We adopt the sample of 24 Lyman-break galaxies from
the Hubble Deep Field North (HDF-N) survey region
within the CDF-N used by Brandt et al. (2001), so that
we may compare our X-ray predictions to their X-ray mea-
surements. The sample selection process we follow is de-
scribed in detail by Brandt et al., and is based upon two
criteria; 1) galaxies are spectroscopically confirmed as high
redshift with z = 2–4 and 2) none is individually de-
tected or are within ∼ 8′′ of a detected source by Chandra.
The spectroscopic redshifts are compiled from the Caltech
Faint Galaxy Redshift Survey (Cohen et al. 2000) and
the serendipitous catalog of Dawson et al. (2001). The
sample is listed in Table 1. We use the observed-frame
optical measurements of the HDF-N catalog (Williams et
al. 1996). The mean (median) redshift of the sample is
2.79 (2.93).
3. the observed x-ray emission of the
lyman-break galaxy sample
The observed mean X-ray emission for the LBG sample
has recently been determined by Brandt et al. (2001) by
stacking the counts of each galaxy from the 1 Ms CDF-N
survey data into an image with an effective exposure time
of 260 days (22.4 Ms). They found 43 counts within the
30 pixel aperture of the stacked image for the soft (0.5–2
keV observed-frame) bandpass. The expected background
counts were 26.2. The statistically significant detection
(99.9% confidence level for Poisson statistics) gives an av-
erage count rate of 7.5×10−7 count s−1. The Chandra soft
band corresponds to a rest-frame bandpass of 2–8 keV at
the median redshift of the sample. The opacity of interstel-
lar gas in this spectral range is comparable to the opacity
at λ = 3–60µm (Morrison & McCammon 1983; Draine &
Lee 1984). For a neutral interstellar medium with a col-
umn density of NH = 1.0×1021 cm−2 the optical depth at
2 keV (τ2keV) is only 0.04 (Morrison & McCammon 1983).
Brandt et al. assume an intrinsic power law spectrum
with photon index Γ = 2 (typical of X-ray binaries and
low luminosity AGN) and a mean column density for the
CDF-N of NH = 1.6 × 1020 cm−2 in order to estimate
a mean flux of 4.0 × 10−18 erg s−1 cm−2. The mean ob-
served rest-frame 2–8 keV luminosity is 2.8 × 1041 erg s−1
for H0 = 70 km s
−1Mpc−1 (ΩM = 1/3, ΩΛ = 2/3) at the
sample’s median redshift.
We crudely estimate two sources of possible error for
the mean flux: 1) 49% random error from photon count-
ing and 2) 30% systematic error due to choice of intrinsic
X-ray spectrum. The photon counting error is taken as the
quadrature sum of the total count error (±
√
43) and the
background count error (±
√
26.2). The systematic error
is assessed by computing the differences in X-ray flux as-
suming variations in NH and Γ for the power law spectral
model as well as alternative Raymond-Smith plasma and
thermal bremsstrahlung models. Combining the random
and systematic errors in quadrature yields a total error
estimate of ∼ 58% (log LX,obs = 41.45± 0.25).
4. the local bolometric to x-ray correlation
Several authors have published far-IR to X-ray correla-
tions for a wide variety of galaxy types and AGNs (e.g.,
David et al. 1992; Green et al. 1992; Ranalli et al. 2002).
We have adopted the normal and starburst galaxy sample
of David et al. (1992) as our starting point for defining the
bolometric to X-ray correlation because of the large sam-
ple size (71) and the consistent spectral model employed
to obtain X-ray fluxes from count rates. The X-ray data
used by David et al. are from Einstein IPC (0.5–4.5 keV)
observations and fluxes are derived assuming the intrin-
sic emission is given by a kT = 5 keV Raymond-Smith
plasma with solar abundances and a mean hydrogen col-
umn density of NH = 10
20 cm−2. Far-IR fluxes are based
on IRAS 60 and 100 µm flux densities as defined by Helou
et al. (1988). David et al. computed X-ray and far-IR lu-
minosities for the sample using distances from Sandage &
Tammann (1975, 1981) or from the redshifts published by
Soifer et al. (1987). We adjust all luminosities to reflect
our adopted H0.
As our intention is to predict the rest 2–8 keV X-ray
luminosity of the Lyman-break sample we apply a correc-
tion to the David et al. X-ray flux measurements that
will account for the difference in bandpass and intrinsic
spectral model. Using the X-ray spectral fitting package
XSPEC (Arnaud 1996) we have modeled the spectrum in
the 0.5-8 keV range as a power law spectrum with photon
index Γ = 2. The photon count rate in the 0.5–4.5 keV
range was normalized to that expected for a 0.5–4.5 keV
flux of 5.5 × 10−18 erg s−1 cm−2 (the mean of the David
et al. sample) from a 5 keV Raymond-Smith plasma with
solar abundances. Photoelectric absorption was applied
using NH = 10
20 cm−2. The result is a correction factor
of order unity (F2−8,PL/F0.5−4.5,RS = 0.6).
We estimate the bolometric output of this star forming
galaxy sample by assuming that it is dominated by young
stellar populations. This allows us to approximate the
bolometric luminosity from the far-IR and far-UV using;
LBol = LFUV × BCstars + LFIR × BCdust, (1)
where BCdust is the bolometric correction for the FIR to
the 1–1000 µm dust emission and BCstars is the bolometric
correction for the far-UV to the 0.0912–1 µm unextincted
stellar emission of an active star forming population. We
use the value of BCdust = 1.75 determined by Calzetti
et al. (2000) from ISO and IRAS photometry of a sam-
ple of eight low redshift star forming galaxies. We take
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Fig. 1.— BOTTOM: The bolometric to X-ray correlation for normal and starburst galaxies. The sample is from David et al. (1992).
The X-ray luminosity is derived from Einstein IPC data and corrected for bandpass and spectral model. All circles represent LBol estimated
from the far-IR only (LBol[FIR]). Solid circles represent a subsample where far-UV data is also available and the effect on LBol is shown with
horizontal lines (LBol[FIR,FUV]). The solid line is the fit to the entire sample (71) using LBol[FIR]. The dashed line is the fit to the subsample
(29) using LBol[FIR,FUV]. The fits account for data points with the 3σ X-ray upper limits indicated with downward arrows (see text). TOP:
The difference between log LBol[FIR,FUV] and log LBol[FIR] for the subsample. The data has been grouped in bins of 1 dex and the mean
difference is plotted against mean log LBol[FIR]. The line is a simple chi-square linear fit.
BCstars = 1.66 (λ = 1600A˚) computed by MHC99 from a
range of Starburst99 synthetic starburst spectra (Leitherer
et al. 1999). We have obtained far-UV fluxes for 29 of the
71 galaxies in the sample from either the UV catalog of
Marcum et al. (2001) at 1550A˚ or the homogenized UV
catalog of Rifatto et al. (1995) at 1650A˚.
Of the 71 galaxies in this sample, 28 have 3σ upper lim-
its to the X-ray flux. We account for this fact and compute
the fit to the correlation by using the Buckley-James1 lin-
ear regression technique which computes coefficients based
on Kaplan-Meier residuals. If we consider only the far-IR
emission when approximating the bolometric luminosity
(LBol = LFIR× BCdust) we can use all 71 galaxies to find
the fit,
log LX(2−8) = (0.87± 0.08) log(LBol[FIR]) + 1.81, (2)
shown by the solid line in the bottom panel of Figure 1.
The error is 1σ. If we fit only the 29 with both far-IR and
far-UV data (of which 11 have X-ray upper limits) using
Equation 1 we compute the fit,
log LX(2−8) = (0.92± 0.10) log(LBol[FIR,FUV])− 0.72, (3)
which is represented by the dashed line in the same figure.
The fit becomes slightly steeper when the UV data are
properly considered. This is due to the fact that the far-
UV contributes measurably to LBol in systems with lower
far-IR luminosities, but has a negligible effect on LBol at
higher far-IR luminosities. The effect is highlighted in
the top panel of figure 1 where we plot the difference log
LBol[FIR,FUV] – log LBol[FIR]. The 29 data points have been
grouped in bins of 1 dex and the mean difference is plotted
against log LBol[FIR]. The line is a simple chi-square linear
fit. The trend is understood most simply as a extinction
effect, where the far-UV extinction is positively correlated
with LBol (Heckman et al. 1998). We use the the corre-
lation derived from the far-UV and far-IR (Equation 3)
for predicting the LBG X-ray output. It is interesting to
note that the mean observed X-ray luminosity of the LBG
sample suggests a large mean LBol (≈ LFIR) of ∼ 1012 L⊙.
This is at the high luminosity end of the local starburst
population.
5. x-ray predictions
5.1. Case I: Estimating X-rays Assuming Starburst
Reddening
The assumption that we can model the far-IR to far-UV
flux ratio as a function of UV reddening is the crucial com-
ponent in our technique of predicting the X-ray emission
of the LBG sample. We first consider the empirically de-
rived UV reddening relation of MHC99 (IRX-β) for local
starbursts.
The UV spectral slope (β) is found from the photo-
metric V606 − I814 color. We use equation 14 of MHC99
which calibrates the spectroscopically defined β to the
(V606− I814)AB color as a function of redshift between z =
2–4. The ABmag system colors are from the isophotal
1 From the Astronomy Survival Analysis (ASURV) task within the STSDAS IRAF package.
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Fig. 2.— UV reddening relationships used to estimate the far-IR of the LBG sample. The solid line is the empirical IRX-β starburst relation
of MHC99. Triangles are the LBG sample with IRX derived from the MHC99 relation and photometrically measured β. The dash-dot line is
the UV reddening relation computed from Witt & Gordon (2000) extinction models for SMC-dust in a shell geometry with a homogeneous
distribution. The dashed line represents a clumpy dust distribution. The dotted line is based on the Calzetti (2000) mean starburst atten-
uation curve. The hash marks indicate the region of the IRX-β diagram where objects with ULIG-like UV extinction properties would be
located (Goldader et al. 2002).
fluxes in the HDF-N catalog of Williams et al. (1996)
corrected for Galactic extinction. The IRX-β reddening
relation is then used to predict the far-IR to far-UV flux
ratio using the approximation,
IRX ≡ FFIR
F1600
≈ (100.4A1600 − 1)× BCstars
BCdust
. (4)
MHC99 demonstrated that, for starbursts, this is a reason-
able estimate for IRX and the extinction term is a simple
linear function of β (A1600 = 4.43 + 1.99β).
The form of the MHC99 IRX-β relation can be seen as
the solid line in Figure 2. We estimate F1600 by interpo-
lating the HDF rest-frame UV data. Equation 4 allows
a prediction of the far-IR flux under the assumption that
the LBG sample has UV extinction and reddening prop-
erties similar to local starbursts. The far-IR and far-UV
fluxes are converted to luminosities using the spectroscop-
ically derived redshifts. Finally, we predict the 2–8 keV
X-ray luminosities for each Lyman-break galaxy from the
bolometric to X-ray correlation.
The 1σ error of the predicted mean is assessed with
Monte Carlo error analysis by generating 150 synthetic
data sets (3600 total data points). In addition to incorpo-
rating the measurement errors of the HDF-N catalog into
the synthetic data, the dispersion of the IRX-β (0.25 dex
in log IRX) and bolometric to X-ray correlations (0.4 dex
in log LX) are also included. The mean of each synthetic
data set is measured and the 1σ error (in dex) is taken
as the standard deviation of the distribution of differences







(log LX,t − log LX,i)2
)1/2
, (5)
where the subscripts t and i indicate the true LBG sample
and ith synthetic data set respectively.
The results are expressed as a histogram of the predicted
X-ray luminosities in Figure 3 (Panel A). The log of the
mean linear luminosity is shown as a solid line with error
bars. For comparison, the mean observed value of Brandt
et al. is represented as a dashed line. The mean predicted
X-ray emission is 2.4× 1041 erg s−1. This agrees well with
the mean observed value. The 1σ error is 0.22 dex. Under
this scenario, all of the LBGs in the sample are predicted
to have fluxes below the single source soft-band flux limit
(3.0 × 10−17 erg s−1 cm−2) for the CDF-N (Brandt et al.
2001b).
5.2. Case II: Estimating X-rays Assuming ULIG
Properties
Ultraluminous infrared galaxies (ULIGs) do not obey
the the IRX-β reddening relation (Goldader et al. 2002).
Instead, they occupy a distinct range of log IRX values
between ∼2–4. Using high resolution HST imaging data,
Goldader et al. argue that the lack of a significant IRX-β
correlation results from the fact that the majority of far-
UV light detected from ULIGs originates from the least ex-
tincted sources (possibly just the outermost regions of star
formation) and is not coincident with the dust-enshrouded
starburst activity responsible for the far-IR emission.
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Fig. 3.— Histograms of predicted 2–8 keV X-ray luminosities for the LBG sample. The solid line is the mean of the distribution with
Monte Carlo 1σ errors. The dashed line is the observed mean value from Brandt et al. (2001). [A] Assumes the sample obeys the MHC99
IRX-β reddening relationship for starbursts. [B] Assumes UV extinction properties similar to ULIGs. [C] Assumes UV extinction properties
consistent with SMC-type dust extinction in a shell geometry with a homogeneous dust distribution. [D] Same as panel C but with a clumpy
dust distribution. [E] Assumes UV extinction consistent with the Calzetti starbust effective attenuation curve. [F] Assumes the sample is
unattenuated by dust.
To test the likelihood of LBGs being similar to these
type of extremely dusty starbursts, we randomly assigned
log IRX values in the 2–3.5 range to each LBG (hashed
region of Figure 2) and followed the same aforementioned
procedure to predict the X-ray luminosities. Our method
predicts the mean X-ray luminosity for the sample to be
2.7 × 1043 erg s−1 (Figure 3: Panel B). This is two orders
of magnitude larger than the observed value and strongly
suggests that LBGs are not hiding a significant amount
of star formation behind a veil of dust. In fact, ∼ 92% of
the sample would have X-ray fluxes greater than the single
source soft-band detection limit, with half being at least
an order of magnitude larger.
Furthermore, if LBGs truly have ULIG-like IRX values
then the observed far-UV fluxes imply FIR luminosities in
the 1012.4–1014.7 L⊙ range. Using the method described
by Adelberger & Steidel (2000) we estimate that 96% of
the sample would have rest-frame λ = 200 µm flux densi-
ties greater than the 2 mJy detection limit for the HDF-N
sub-millimeter (sub-mm) survey conducted by Hughes et
al. (1998). LBGs, however, have so far proven to be elu-
sive to sub-mm observers (Blain et al. 2002; Chapman et
al. 2000; Hughes et al, 1998). The recent sub-mm stacked
analysis of LBGs by Webb et al. (2002) provides a mean
sub-mm 2σ detection of only 0.414 mJy.
5.3. Case III: Estimating X-rays Assuming SMC-type
Dust
If LBGs consist of early generation stellar populations,
then low metallicity (SMC-type) dust may be appropri-
ate for modeling their global far-IR emission. This would
be consistent with the metallicity of the lensed LBG MS
1512+36-cB58 (Z ∼ 1/4Z⊙) as constrained by Pettini et
al. (2000). We test this idea is with the radiative trans-
fer dust models of Witt & Gordon (2000). We compute
the expected IRX and UV spectral slope from Starburst99
(Leitherer et al. 1999) synthetic starburst spectrum after
applying extinction effects based on two Witt & Gordon
models for SMC-dust in a shell geometry. The first model
assumes a homogeneous dust distribution in the surround-
ing dust shell while the second involves a non-homogeneous
’clumpy’ distribution.
The adopted Starburst99 spectrum is chosen to be con-
sistent with the low metallicity assumption. It is param-
eterized by a continuous star formation rate, a Salpeter
IMF with slope α = −2.35, an upper mass limit of 100
M⊙, metallicity of Z = 0.004, and a burst age of 100 Myr.
The bolometric dust luminosity is computed as the sum
of the energy from extincted non-ionizing photons plus
the energy deposited from all Lyα photons. We estimate
the Lyα production, prior to any extinction, by assuming
that each ionizing photon generates one Lyα photon (Os-
terbrock 1989). The luminosity in the FIR bandpass is
estimated with BCdust.
The resulting UV reddening relation for the homoge-
neous dust model is similar in shape to the IRX-β relation
of MHC99, but has a slightly less steep slope and is offset
to lower values of IRX for a values of β > −2 (dot-dash line
of Figure 2). The UV reddening relation from the alterna-
tive clumpy dust distribution is also qualitatively similar
to MHC99 but, compared to the homogeneous model, rises
faster in IRX before it turns over near β ≈ −1.2 and ob-
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tains a similar shallow slope (dashed line in Figure 2). For
LBGs in our sample with β > −1.2, the clumpy model
predicts larger values of IRX than the IRX-β relation of
MHC99.
Having defined the UV reddening relation expected for
the dust models, we again use the same technique to pre-
dict the X-ray luminosities of the LBG sample. The ho-
mogeneous model slightly under predicts the mean X-ray
luminosity (1.1 × 1041 erg s−1) compared to the observed
value. Within strict error limits (model and observed)
the homogeneous model agrees with the observation. The
clumpy model slightly over predicts it (4.7× 1041 erg s−1),
but the observed mean is well within the 1σ error. The
histogram in Panel C (Panel D) of Figure 3 represents the
homogeneous (clumpy) model. To within the uncertainties
in our technique, we are unable to differentiate between
the empirically derived relation of MHC99 and either of
the SMC-dust/shell geometry models.
Witt & Gordon claim that the clumpy model reproduces
the effective starburst attenuation curve of Calzetti (1997;
Calzetti et al. 2000). We have calculated the UV red-
dening relation for the Calzetti attenuation curve (dotted
line of Figure 2) using the same method and find it very
similar to the clumpy model over the narrow range of β
measured for the LBGs. When we use the Calzetti ef-
fective attenuation to predict X-ray emission, we find the
mean luminosity (4.5×1041 erg s−1) is essentially the same
as that from the clumpy model and also in agreement with
the observed value (Figure 3: Panel E).
We should note the effect our choice of intrinsic star-
burst model has on the computed UV reddening relations.
Choosing a higher metallicity (i.e. Z⊙) stellar population
will produce a redder intrinsic (unextincted) spectral slope
(∆β0 ∼ 0.1) but would have little effect on IRX values for
β > −2. Differences in either burst age or the IMF upper
mass limit will effect both β0 and IRX in the sense that
older bursts or smaller upper mass limits will redden β0
and lower IRX. This would then result in a smaller pre-
dicted X-ray flux for the LBG sample.
5.4. Case IV: Estimating X-rays Assuming No Dust
Extinction
We can use the machinery we have developed to test
the extreme hypothesis that LBGs suffer no far-UV ex-
tinction. If the LBG sample is actively forming stars and
harbors little or no dust, we can reasonably assume that
the far-UV flux is unattenuated and dominates the bolo-
metric luminosity. The reddened UV colors must then be
interpreted as a simple effect of burst age. Although con-
tinuous star formation modes could not easily account for
the range of β measured in the LBG sample, instanta-
neous burst modes with ages between 30 > tburst > 100
Myr can naturally redden enough to explain the observed
UV properties (Leitherer et al. 1999). However, under this
scenario, the mean X-ray luminosity is under predicted by
a factor of 6 (4.6 × 1040 erg s−1). Given the large obser-
vational and model uncertainties the difference is ∼ 2σ
(Figure 3: Panel F).
6. conclusions
Evidence is beginning to emerge that 2–8 keV X-rays
are a good star formation rate indicator (Ranalli et al.
2002). In local starbursts, the 2–8 keV X-ray emission is
believed to be produced primarily by high-mass X-ray bi-
naries (HMXB; Persic & Rephaeli 2002). This suggests
that the Brandt et al. (2001) stacking technique applied
to the HDF-N LBG sample may be detecting binary stars
at z ∼ 3. Low luminosity AGN and the class of ultralumi-
nous X-ray sources (ULXs or IXOs; Colbert & Mushotzky
1999), which may be the beamed emission from HMXBs
(i.e., Roberts et al. 2002) or a new class of intermediate
mass (102–104 M⊙) black holes, may also contribute to
the 2–8 keV flux. Furthermore, 2–8 keV X-rays suffer lit-
tle intrinsic absorption and can escape regions where the
far-UV tracers of star formation may be heavily extincted
by a dusty interstellar medium. For these reasons, the 2–8
keV X-ray luminosity strongly correlates with the bolo-
metric luminosity of star forming galaxies. This means
that 2–8 keV X-rays can serve as a proxy for the far-IR
thermal dust emission at high-z.
We have derived the bolometric to 2–8 keV X-ray corre-
lation for a local sample of normal and starburst galaxies
and have used it, in combination with several UV redden-
ing schemes, to predict the mean 2–8 keV X-ray luminosity
for a sample of 24 spectroscopically confirmed high redshift
Lyman-break galaxies. This simple analysis demonstrates
that LBGs can not have far-IR to far-UV flux ratios similar
to those found for nearby ULIGs, nor are they likely to be
unattenuated by dust. Of the extinction methods consid-
ered, we find that the IRX-β starburst reddening relation
of MHC99 is the most accurate predictor of the mean X-
ray luminosity for the sample. The very similar reddening
relations derived from Witt & Gordon (2000) extinction
models of low metallicity dust in a shell geometry and the
Calzetti et al. (2000) effective starburst attenuation curve
are also consistent with the observed X-ray emission.
These results provide additional evidence that LBGs
can be considered as scaled-up local starbursts. Equally
important, it suggests that IRX-β may be a reasonable
tool for estimating the UV extinction of high redshift
LBGs. If this is the case, all 24 LBGs in this sample have
A1600 < 3.1 Mag with a mean (median) of 1.4 (1.5) Mag
implying a mean 1600A˚ dust correction factor of ∼ 4. This
moderate level of UV extinction is consistent with the re-
sults of Papovich et al. (2001) who find typical 1700A˚ cor-
rection factors of 3–4.4 from an analysis of the UV-optical
spectral energy distributions for a sample of 33 HDF-N
LBGs which includes 23 from our sample. Similar UV
extinctions are also deduced for larger LBG samples by
Steidel et al. (1999) and MHC99. Our results are the first
to use low extinction X-ray emission to test and confirm
these claims.
Although it is tempting to use the results developed here
to predict the X-ray fluxes of individual LBGs, we caution
the reader that our results are statistical. The accuracy of
the estimated X-ray emission for any single LBG in this
sample is only ∼ 0.48 dex. With this in mind, it is in-
teresting to note that when the UV reddening relations
of MHC99, Witt & Gordon (clumpy model), and Calzetti
are applied to this technique, more than 80% of the 2–8
keV flux originates from the half of the sample (12) with
values of β > −1.5. This may be useful for those planning
further stacking analyses as the CDF-N survey is extended
to 2 Ms.
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Table 1
Lyman-Break Galaxy Sample
HDF ID RA DEC z f8140,obs f1600,rest β
(mm:ss.s) (mm:ss.s) (µJy) (µJy)
(1) (2) (3) (4) (5) (6) (7)
4-858.0 36:41.25 12:03.1 3.220 867.04 757.84 -1.43
4-639.0 36:41.71 12:38.8 2.591 787.12 543.27 -0.76
2-82.1 36:44.07 14:09.9 2.267 459.37 481.26 -2.11
1-54.0 36:44.12 13:10.9 2.929 816.28 630.00 -0.96
4-445.0 36:44.64 12:27.4 2.500 1154.41 812.16 -0.81
4-316.0 36:45.09 12:50.8 2.801 811.71 729.93 -1.58
2-76.11 36:45.35 13:46.9 3.160 262.40 250.39 -1.90
4-289.0 36:46.95 12:26.1 2.969 296.98 311.44 -2.22
4-52.0 36:47.72 12:55.8 2.931 858.38 622.22 -0.70
2-449.0 36:48.34 14:16.6 2.005 1557.69 1056.20 -1.19
4-363.0 36:48.30 11:45.8 2.980 345.97 315.61 -1.65
3-243.0 36:49.81 12:48.8 3.233 264.29 228.68 -1.37
2-525.0 36:50.12 14:01.0 2.237 478.23 368.91 -1.48
2-565.1 36:51.19 13:48.8 3.162 186.71 162.94 -1.44
2-604.0 36:52.45 13:37.8 3.430 398.36 348.52 -1.31
2-637.0 36:52.76 13:39.1 3.369 341.51 312.94 -1.70
2-834.2 36:52.99 14:08.4 3.367 56.69 55.84 -2.19
2-591.2 36:53.18 13:22.8 2.489 385.16 324.58 -1.60
2-643.0 36:53.42 13:29.5 2.991 514.42 433.17 -1.30
2-901.0 36:53.60 14:10.2 3.181 522.11 440.26 -1.24
2-824.0 36:54.63 13:41.4 2.419 278.61 281.95 -2.06
2-903.0 36:55.08 13:47.0 2.233 541.35 496.64 -1.88
3-875.0 37:00.13 12:25.2 2.050 1079.74 825.69 -1.58
4-491.1 36:43.25 12:38.9 2.442 302.22 294.43 -1.99
Note. — (1) ID refers to HDF-N (V2) catalog of Williams et al. (1996). (2)
RA (J2000) plus 12 hours. (3) DEC (J2000) plus +62 degrees. (4) Redshifts from
Cohen et al. (2000) and Dawson et al. (2001). (5) Observed 8140A˚ flux density
from catalog of Williams et al. (1996). (6) Interpolated 1600A˚ rest-frame flux
density. (7) Photometrically derived UV spectral slope.
